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N-doped SrO seems to be one of the model systems for d0 magnetism, in which
magnetism (or ideally, ferromagnetism) was ascribed to the localized N 2p spins
mediated by delocalized O 2p holes. Here we offer a different view, using density
functional calculations. We find that N-doped SrO with solely substitutional N
impurities as widely assumed in the literature is unstable, and instead that a pairing
state of substitutional and interstitial N impurities is significantly more stable and
has a much lower formation energy than the former by 6.7 eV. The stable (Nsub-
Nint)
2− dimers behave like a charged (N2)
2− molecule and have each a molecular
spin=1. However, their spin-polarized molecular levels lie well inside the wide band
gap of SrO and thus the exchange interaction is negligibly weak. As a consequence,
N-doped SrO could not be ferromagnetic but paramagnetic.
PACS numbers: 75.50.Pp, 71.20.b, 71.70.d, 71.15.Mb
In extensive search of magnetic semiconductors, d0 ferromagnet recently draws a lot of
attention [1–10]. It has no magnetic transition-metal or rare-earth element present and is
free of the issue of clustering of magnetic elements, which, however, has been quite often
addressed for transition-metal doped semiconductors. Thus, an observed d0 ferromagnetism
could be intrinsic, and it is important both technologically and in the viewpoint of funda-
mental physics.
Very recently, a group of density functional calculations [11–20] suggest that when N
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2or C is doped into oxide semiconductors and insulators, the 2p hole carriers introduced by
those substitutional impurities would be spin-polarized. Due to the dual character of the
2p holes—a Hund exchange as strong as in 3d transition metals and delocalization of its
orbital [12], d0 ferromagnetism could be established for the localized N or C 2p-hole spins
mediated by the delocalized O 2p holes. In this respect, those calculations using the local-
density approximation (LDA) or the generalized gradient approximation (GGA) very often
give a ferromagnetic and half-metallic band structure. In strong contrast, several calculations
using the LDA plus Hubbard U method [21] or with a self-interaction correction [22, 23],
both taking into account a correlation effect of localized electrons, show that the 2p hole
state would be orbitally polarized and associated with a Jahn-Teller distortion, thus giving
rise to an insulating solution with a negligibly weak magnetic coupling.
In the present Letter, using density functional calculations, we reinvestigate N-doped SrO,
a recently proposed model system of the d0 ferromagnet [12]. We will demonstrate that a
sole substitution of N for O in SrO as widely assumed in the literature is energetically highly
unfavorable, and instead that a pairing state of substitutional and interstitial N dopants is
much more stable. The resultant (Nsub-Nint)
2− dimers carry each a molecular spin=1, and
their spin-polarized levels lie well inside the wide band gap of SrO. As a result, N-doped
SrO seems not to be a ferromagnetic half-metal with an atomic spin as often predicted in
the literature, but a paramagnetic insulator with a molecular spin. Thus, this work suggests
that much care needs to be taken when categorizing N-doped oxide semiconductors and
insulators into the d0 ferromagnet.
We performed LDA calculations, using the full-potential augmented plane wave plus
local orbital code (WIEN2k) [24]. The experimental lattice constant of 5.14 A˚ was used
for SrO. A 2×2×2 supercell was introduced to simulate the substitutional and interstitial N
impurities. The muffin-tin spheres were chosen to be 2.5 Bohr for Sr and 1.1 Bohr for O and
N, the plane-wave cutoff of 12 Ry for the interstitial wave functions, and a 5×5×5 k-point
mesh for integration over the Brillouin zone. Structural relaxations were carried out till the
atomic force is less than 50 meV/A˚ . Note that our calculations using GGA gave almost the
same results as LDA.
We first calculate two isolated Nsub impurities in the Sr32O30N2 supercell having the N-
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FIG. 1: (Color online) Total DOS (red thin curves) and N 2p DOS (blue bold curves) calculated
by LDA for a Sr32O30N2 (2×2×2) supercell having two isolated substitutional N impurities. The
upper (lower) panel shows the spin up (down) channel. Fermi level is set at zero energy. It is
calculated to be a ferromagnetic half-metal having an atomic spin=1/2 carried mainly by each
N2− impurity.
N distance of 8.9 A˚ . This distance is so long that this structure also mimics single Nsub
impurities. The calculation gives a half-metallic solution as reported in the literature. The
obtained density of states (DOS) is shown in Fig. 1. This is because each Nsub impurity
introduces one 2p hole and the strong Hund exchange makes the N 2p majority-spin orbitals
fully occupied and the minority-spin orbitals 2/3 filled. The sharp DOS peak at the Fermi
level suggests that this structure could be unstable. The LDA calculations, due to a self-
interaction error of localized electrons, overestimate electron delocalization, and thus a (long-
range) ferromagnetic exchange interaction between the Nsub impurities via the O 2p is highly
overestimated [21–23].
As N atom has a high electronegativity and the 2p hole state of the Nsub impurities in
SrO would be unstable, the Nsub impurities could prefer a pairing. We therefore calculate
the pairing state, assuming two Nsub impurities sitting on two nearest neighboring O sites
(with the distance of about 3.6 A˚ ). After a structural relaxation, the pairing state is found
to have a lower energy than the above isolated impurity state by 170 meV and the two Nsub
impurities move closer by only 0.12 A˚ (each Nsub impurity displaces from the ideal O vacancy
site by 0.06 A˚ ). Obviously, this is not a true pairing state, in view of the small energy gain
4(in terms of a chemical bonding energy) and the long N-N distance (of 3.5 A˚). The obtained
solution is still a ferromagnetic half-metal with spin=1/2 for each Nsub impurity (not shown
here). If that were a true pairing state, the solution would be a nonmagnetic insulator having
closed molecular orbitals of the (Nsub-Nsub)
4− dimers (cf. Fig. 2(c), with two more electrons
filling up the pppi∗ antibonding state, and leaving only the highest-level ppσ∗ antibonding
state unoccupied). But if the Nsub impurities formed a dimer and thus strongly displaced
from the ideal O vacancy sites, there would be a huge energy cost associated with the large
lattice deformation. This would prevent the Nsub impurities forming the dimers.
So far, the stability of the solely substitutional N impurities in SrO has been a remaining
issue. As SrO has a large lattice spacing, interstitial N impurities (Nint) are also possible,
in addition to the widely assumed Nsub impurities. As a result, a Nsub-Nint pairing state
could be a right way to enhance the stability of N-doped SrO. This is indeed the case, as
supported by the following calculations.
We then calculate the Sr32O31N2 supercell having one Nsub impurity and one Nint impurity
nearby. After a full structural relaxation, the Nsub impurity displaces from the ideal O
vacancy site, and the initialized Nsub-Nint pair becomes a (N2)
2− dimer, which symmetrically
straddles the O vacancy site along a body diagonal of the cubic supercell, see Fig. 2(b).
The resultant dimer has a short bondlength of 1.25 A˚ and thus gains a lot of energy due
to the strong chemical bonding. Taking the free O2 molecules as a reservoir, we compare
the total energy of the supercells Sr32O30N2 (plus 1/2 O2) and Sr32O31N2. We find that the
latter having the (N2)
2− dimer has a much lower formation energy than the former by 6.7
eV. Thus the stability of N-doped SrO is indeed significantly enhanced via the dimerization
of the Nsub-Nint impurities, compared to the sole Nsub impurities widely assumed in the
literature. The molecular level diagram of the (N2)
2− dimer is schematically plotted in Fig.
2(c). The pppi∗ antibonding state is half filled and thus the (N2)
2− dimer has a molecular
spin=1 like the gas-phase O2 molecules. A similar molecular magnetism was studied in
our previous work [8] and addressed in a recent review article [9]. Note, however, that the
spin-split pppi∗ level lies well inside the wide band gap of SrO (albeit the experimental gap
of 5.3 eV is underestimated to be 3.5 eV by LDA), see the insulating solution shown in
Fig. 2(a). As a consequence, the exchange interaction between those magnetic dimers, if
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FIG. 2: (Color online) (a) Total DOS (red thin curves) and N 2p DOS (blue bold curves) calculated
by LDA for a Sr32O31N2 (2×2×2) supercell having a pair of substitutional and interstitial N
impurities. The upper (lower) panel shows the spin up (down) channel. Fermi level is set at zero
energy. After a full atomic relaxation, the pair of N impurities becomes a (N2)
2− dimer, which
symmetrically straddles the O vacancy site along a body diagonal of the cubic supercell, see (b)
a charge density contour plot (0.1-0.8 e/A˚3) on the (110) plane. (c) A schematic energy level
diagram due to the (N-N)2− pairing interaction. The antibonding pppi∗ doublet state is half filled
and carries a molecular spin=1. This spin-split pppi∗ state lies inside the wide band gap of SrO
[see (a)], giving rise to a paramagnetic insulating state.
any, would be superexchange like and tiny. This is indeed supported by our calculations
which show that an antiferromagnetic state has a ‘lower’ energy than a ferromagnetic state
by only 1 meV. Those calculations were performed for a Sr32O30N4 supercell, which has two
(N2)
2− dimers symmetrically straddling the corner and body-center oxygen vacancy sites,
respectively, along a body diagonal of the 2×2×2 supercell. The inter-dimer distance (from
one center to the other center) is 8.9 A˚. The intra-dimer N-N distance remains to be 1.25
A˚ after a full atomic relaxation. Taking the computational accuracy into account, we could
propose that practically there is no magnetic coupling between those magnetic dimers. Thus,
6N-doped SrO would be a paramagnetic insulator.
To summarize, using LDA electronic structure calculations, we cast a doubt on the suit-
ability of handling N-doped SrO as a model system of the d0 ferromagnet. Our calculations
show that the solely substitutional N impurities in SrO, widely assumed in the literature, are
unstable. The corresponding ferromagnetic half-metallic solution with atomic 2p hole states
could thus be an artifact. Instead, we find that a Nsub-Nint pairing state, with (N2)
2− dimers
each straddling an oxygen vacancy site symmetrically, is much more stable. Although those
(N2)
2− dimers have each a molecular spin=1, their magnetically active levels lie well inside
the wide band gap of SrO and thus the superexchange interaction between those magnetic
dimers is negligibly weak. As a consequence, N-doped SrO could not a ferromagnetic half-
metal with an atomic spin, but a paramagnetic insulator with a molecular spin. As the
atomic 2p hole state has quite often been used to predict the d0 ferromagnetism in the N or
C doped oxide semiconductors and insulators, the present study provides a warning message
against such predictions.
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